Objective: To characterize the course of cognitive decline during the prodromal phase of Alzheimer disease.
nosis, the rate of global cognitive decline accelerated more than 15-fold. The acceleration in cognitive decline occurred slightly earlier for semantic memory (76 months before diagnosis) and working memory (75 months) than other cognitive functions. Mild cognitive impairment was also preceded by years of cognitive decline that began earlier (80 months before diagnosis) and proceeded more rapidly (annual loss of 0.102 unit) in the amnestic than in the nonamnestic (62 months, 0.072 unit) subtype.
Conclusion: Dementia due to Alzheimer disease is preceded by about 5 to 6 years of accelerated decline in multiple cognitive functions. By contrast, little decline is evident in persons who do not develop Alzheimer disease.
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D
EMENTIA DUE TO ALZHEImer disease (AD), by definition, is preceded by a minimum of 6 months of cognitive decline. With recognition of the importance of developing strategies to delay the onset of AD symptoms, 1, 2 scientific interest in the prodromal cognitive changes has increased. There have been relatively few prospective longitudinal studies of this prodromal phase of the disease, [3] [4] [5] [6] [7] [8] [9] however, and estimates of its duration range from about 1 year 6 to more than 10. 5 Several factors probably contribute to this variability. One is that most studies have had fewer than 100 subjects with incident disease. 3, [7] [8] [9] In addition, prodromal changes may occur earlier in some cognitive domains than others. 6, 8 Studies also likely differ in the cutoff point between cognitive normality and dementia.
Here we examine change in cognitive function during the prodromal phase of AD and before the onset of mild cognitive impairment (MCI), a common precursor to dementia in AD. The data are from 2 longitudinal cohort studies, the Religious Orders Study 10 and the Rush Memory and Aging Project. 11 For up to 16 years, more than 2000 participants underwent annual clinical evaluations that included detailed testing of cognitive function and clinical classification of MCI, dementia, and AD. In mixed-effects models that allowed rate of cognitive change to shift, we characterized the change in global and specific measures of cognition in the years preceding and following dementia onset in AD and conducted similar analyses of cognitive change before and after incidence of MCI.
METHODS
PARTICIPANTS
The subjects are from 2 ongoing longitudinal studies, the Religious Orders Study, which began in 1994, and the Rush Memory and Aging Project, which began in 1997. Both studies involve annual clinical evaluation and brain donation at death and were approved by the institutional review board of Rush University Medical Center.
At the time of the analyses, 2323 individuals had completed the baseline evaluations and been found to be without dementia. Of these, 62 died before follow-up and 40 had been in the study less than 1 year. This left 2221 individuals eligible for follow-up; 2071 (93.2%) had follow-up data. The first set of analyses are based on this group. They completed a mean (SD) of 7.4 (3.8) annual evaluations. At baseline, they had a mean (SD) age of 77.4 (7.7) years, a mean (SD) of 16.2 (3.8) years of education, and a mean (SD) score of 28.2 (1.9) on the Mini-Mental State Examination; 72.0% were women; and 87.9% were white and not Hispanic. A second set of analyses focused on a subset of this group: 1511 persons without MCI or dementia at baseline. They completed a mean (SD) of 7.8 (3.9) annual evaluations and had a mean (SD) baseline age of 76.3 (7.4) years and mean (SD) of 16.4 (3.8) years of education; 72.8% were women; and 90.7% were white and not Hispanic.
CLINICAL EVALUATION
At baseline and annually thereafter, subjects in each study underwent a uniform structured clinical evaluation that included a medical history, complete neurological examination, and cognitive performance testing. Based on these data and inperson evaluation of the subjects, an experienced clinician diagnosed dementia and AD using the criteria of the joint working group of the National Institute of Neurologic and Communicative Disorders and Stroke and the Alzheimer Disease and Related Disorders Association. 12 The criteria require a history of cognitive decline and impairment in at least 2 cognitive domains, one of which must be memory for a diagnosis of AD. As previously described, 13 impairment in 5 cognitive functions (orientation, attention, memory, language, and visuospatial ability) was determined in a 2-step process. First, an algorithm rated impairment in each area of function based on educationally adjusted cutoff scores on 11 individual tests. 14 Second, based on all test data and information on education, sensorimotor problems, and effort, a neuropsychologist agreed or disagreed with each rating and supplied a new rating in the event of disagreement. Persons who had cognitive impairment but did not meet criteria for dementia were classified as having MCI and divided into amnestic (ie, with episodic memory impaired) and nonamnestic subtypes, as previously described. 15 Individuals who met these criteria for MCI have been found to have intermediate levels of mortality, 14, 16 cognitive decline, 14, 17, 18 and plaques, tangles, and cerebral infarction 19 relative to persons without cognitive impairment and dementia. All clinical classification was done blinded to previously collected data.
ASSESSMENT OF COGNITIVE FUNCTION
Nineteen cognitive performance tests were administered in each study. The Mini-Mental State Examination was used for descriptive purposes and Complex Ideational Material was used only in clinical classification. Analyses were based on the remaining 17 tests. There were 7 measures of episodic memory: Word List Memory, Recall, and Recognition plus immediate and delayed recall of the East Boston story and story A from Logical Memory; 3 measures of semantic memory: verbal fluency, a 15-item form of the Boston Naming Test, and a measure of reading recognition; 3 measures of working memory: Digit Span Forward, Digit Span Backward, and Digit Ordering; 2 measures of perceptual speed: Number Comparison and Symbol Digit Modalities Test; and 2 measures of visuospatial ability: short forms of Judgment of Line Orientation and Standard Progressive Matrices. The primary outcome was a composite measure of global cognition using all 17 individual measures. Raw scores on each of the 17 measures were converted to z scores using the baseline mean and standard deviation of all subjects; z scores were then averaged to yield the composite measure of global cognition. Based in part on previous factor analyses of these cognitive measures in these [20] [21] [22] and other 23, 24 cohorts, individual cognitive measures were grouped into specific cognitive domains. Within each domain, individual z scores were averaged to yield composite scores that were used in secondary analyses: episodic memory (based on 7 individual measures), semantic memory (3 measures), working memory (3 measures), perceptual speed (2 measures), and visuospatial ability (2 measures). Further information on the individual tests and the derivation of the composite scores is described previously.
20-22
STATISTICAL ANALYSIS
We used mixed-effects regression models 25 to characterize paths of change in cognitive function. The models include change points that allowed rate of cognitive change to shift at some time before AD (or MCI) was diagnosed and again at the time of diagnosis. To identify the point before diagnosis when rate of cognitive change shifted, we constructed a series of models with change points ranging from a few months to several years before diagnosis and chose the analysis with the highest loglikelihood value, indicating the best model fit. To take advantage of all cognitive data, a composite measure of global cognition was the primary outcome. For AD, we conducted additional analyses excluding those with MCI at baseline and using composite measures of specific cognitive domains as outcomes. For MCI, the core model was followed by separate analyses of MCI subtypes. All analyses controlled for age, sex, and education. Programming was done in SAS (SAS Inc, Cary, North Carolina). 26 
RESULTS
COGNITIVE DECLINE IN THE PRODROMAL PHASE OF AD
The 2071 persons without dementia at study enrollment had up to 16 
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We used mixed-effects models to characterize the change in cognitive function before and after AD was clinically diagnosed. To determine if the rate of decline accelerated at some point before the diagnosis, we fit a series of models that allowed for a shift in rate of cognitive change during periods ranging from 6 to 120 months before the diagnosis plus a second shift at the time of diagnosis. We used a composite measure of global cognition in initial analyses. At baseline, scores ranged from −1.910 to 1.466 (mean[SD],0.094 [0.529]), with higher values indicating better function. The best-fitting model set the point of change at 65 months before diagnosis. In this model (Table 1) , the global cognitive score declined a mean of 0.013 units per year before the point of change and 0.209 units per year thereafter, a more than 15-fold increase. After AD was diagnosed, there was a further increase of about one-third in annual rate of global cognitive decline. sis, shows the predicted 10-year paths of change in global cognition for 2 typical participants. Little cognitive decline is evident in the person who remained dementia free. In the person who developed AD, the diagnosis in study year 7 was preceded by more than 5 years of accelerated global cognitive decline.
At baseline, 552 subjects had MCI. To assess how this subgroup affected results, we excluded them and repeated the analyses in the remaining 1499, of whom 217 developed AD. The best-fitting change point was at 54 months before AD was diagnosed. Global cognition declined a mean of 0.016 units per year before this point (standard error [SE], 0.001; P Ͻ .001). The rate of annual decline increased more than 15-fold to 0.262 units (SE,0.008; PϽ.001) during the 54-month prodromal period and to 0.314 units (SE, 0.021; P = Ͻ.001) after AD was diagnosed.
To see if results varied across cognitive domains, we conducted separate analyses using composite measures of specific cognitive functions ( Table 1) . As shown in Figure 2 , the prodromal period began about 63 months before dementia onset for episodic memory, 76 months for semantic memory, 75 months for working memory, 70 months for perceptual speed, and 65 months for visuospatial ability. Prior to the prodromal period, episodic memory was stable and there was gradual decline in the other domains. Decline in all functions increased sharply during the prodromal period with less marked acceleration after AD was diagnosed.
COGNITIVE DECLINE IN THE PRODROMAL PHASE OF MCI
To further examine prodromal AD, we assessed the change in cognitive function during the development of MCI, widely recognized as a precursor to AD. Table 2) , with a further doubling in the rate of decline after MCI was diagnosed.
Because memory impairment in MCI has been associated with increased risk of dementia and AD, 27, 28 we conducted separate analyses for amnestic (observed in 487 patients) and nonamnestic (observed in 442 patients) MCI to examine their developmental histories (Table 2; Figure 2 ). A mean of 80 months before the diagnosis of amnestic MCI (Figure 3A) , the annual rate of global cognitive decline increased more than 10-fold, with a further increase of about 80% following diagnosis. By con- Figure 3B ) the prodromal period began later (62 months before diagnosis) and the acceleration in global cognitive decline was less marked, with an approximately 2.5-fold increase during the prodromal period and a further 50% increase following diagnosis.
COMMENT
In a group of more than 2000 elderly people followed up annually for up to 16 years, we assessed the change in cognitive function during the prodromal phases of AD and its precursor, MCI. The rate of cognitive decline increased sharply about 5 to 6 years before dementia was diagnosed and showed a modest increase approximately 4 to 6 years before MCI was diagnosed. The results indicate that dementia in AD is preceded by many years of progressively accelerating cognitive decline.
We are aware of only one previous study of cognitive change preceding development of MCI, and the results were comparable with ours, with accelerated cognitive decline occurring 3 to 4 years before MCI diagnosis. 9 In addition, we found that the prodromal period for amnestic MCI began 1 to 2 years earlier than the nonamnestic MCI prodrome and was characterized by more rapid cognitive decline. These findings are consistent with neuroimaging 29 and neuropathologic 19 data suggesting that many people with amnestic MCI actually have mild AD.
As noted above, estimates of the temporal course of cognitive decline prior to dementia onset in AD have varied widely. The 5 to 6 years of cognitive decline preceding dementia observed in our study is close to the midpoint of comparable studies. [3] [4] [5] [6] [7] [8] Several factors probably contribute to this variability. One suggested by our analyses is the extent to which symptomatic individuals are included. When we excluded people with MCI at base- line, the prodromal period was briefer, and the acceleration of cognitive decline was more marked. This may be because individuals with milder disease take longer to transition from no cognitive impairment to dementia and are thus less likely to be identified with observation periods of fewer than 2 or 3 decades. Another factor contributing to variability in findings is study differences in the effective cutoff point for dementia. Thus, in a diagnostic system that regards MCI as mild AD, 30 the cognitive prodromal period is relatively brief. 6 By contrast, in the study with the longest estimate of the prodromal period, 5 the mean Mini-Mental State Examination score in the pre-AD group declined to below 20 before the diagnosis was made, a relatively low dementia cutoff point.
There is also evidence that prodromal cognitive decline in AD varies across cognitive domains. We found that prodromal decline in semantic memory and working memory preceded decline in other cognitive domains, consistent with findings from a previous epidemiologic study. 5 However, the differences between domains in this study were not large, and other studies suggest that prodromal decline in AD begins in other domains, including episodic memory 8 and visuospatial ability. 6 Thus, cognition is clearly globally affected in the prodromal phase of AD, and some of the variability between cognitive outcomes probably reflects metric factors, including retest effects, 31 rather than the cognitive domain being assessed. On the other hand, prodromal cognitive decline in amnestic MCI began earlier and progressed more rapidly than in nonamnestic MCI, consistent with neuropathologic 32, 33 and neuroimaging 34, 35 data suggesting that medial temporal lobe structures that support episodic memory are among the first brain regions affected by the disease.
These data show that by the time individuals meet clinical criteria for a diagnosis of AD, they have already experienced many years of accelerating cognitive decline. This has important public health implications because it is generally assumed that treatments for AD will be more effective if introduced before this prodromal period begins and cognitive systems are manifestly dysfunctional. Further, an effective early treatment could compress the cognitive morbidity of AD, 36 whereas effective treatment after dementia onset might prolong it, underscoring the need for biologic and behavioral markers to aid in early diagnosis.
Little cognitive decline was evident in people who did not develop MCI or AD. This observation is consistent with prior research 5, 6, 37, 38 and suggests that cognitive decline may not be an inevitable consequence of old age.
Strengths and limitations of this study should be noted. Clinical classification of MCI, dementia, and AD was based on a uniform clinical evaluation and widely accepted criteria applied by experienced clinicians, thereby minimizing diagnostic error. The large cohort, high rate of follow-up participation, and availability of previously established psychometrically sound measures of cognition allowed us to capture subtle nonlinear changes in function. The principal limitation is that subjects are selected, and so the generalizability of the findings will need to be established. 
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